Introduction
============

Lung cancer is one of the most common types of malignancy and the leading cause of cancer-related death in the world.[@b1-ott-9-6511] Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer diagnosed globally, and most patients with NSCLC are diagnosed at the advanced stages of disease, in which radiotherapy is the primary treatment option,[@b2-ott-9-6511],[@b3-ott-9-6511] while chemotherapy offers little benefit to these patients. However, patients treated with irradiation, sooner or later, will develop resistance to radiotherapy which will lead to loss of local control and to tumor metastasis.[@b4-ott-9-6511],[@b5-ott-9-6511] Previous studies demonstrated that immune escape was the main problem, inducing radioresistance and distant metastasis in such patients.[@b6-ott-9-6511],[@b7-ott-9-6511] Thus, novel treatment strategies are urgently needed. Recent advancement in targeting therapy and immunotherapy offers a better strategy to control advanced NSCLC clinically.[@b7-ott-9-6511],[@b8-ott-9-6511] For example, one of the famous immunotherapy targeting molecules was the programmed death-ligand 1 (PD-L1), also known as CD274, which is a protein expressed in various human cancer cells, including NSCLC cells. PD-L1 plays a central role in suppression of the immune system and is critical for transduction inhibitory signal that contributes to immune escape.[@b8-ott-9-6511],[@b9-ott-9-6511] Previous studies showed that high-dose irradiation, eg, stereotactic body radiation therapy in combination with immunotherapy against PD-L1 could improve overall survival and local control of human cancer xenografts in nude mice.[@b10-ott-9-6511] The high-dose irradiation in combination with anti-PD-L1 optimized anti-tumor immunity in NSCLC cells.[@b11-ott-9-6511] Therefore, we speculated that an immune activator \[the toll-like receptor 9 (TLR9) agonist CpG oligodeoxynucleotide (CpG ODN) 7909\] in combination with radiotherapy could possess better anti-tumor activity and modulate PD-L1 expression. Indeed, in our previous studies, we demonstrated that CpG-ODN 7909 treatment was able to induce radiation sensitivity in a radiation-resistant lung adenocarcinoma cell line and that TLR9 expression was upregulated by CpG-ODN 7909 treatment,[@b12-ott-9-6511] while CpG ODN 1826 in combination with radioresistant Lewis lung cancer cell vaccine significantly reduced PD-L1 expression in Lewis lung cancer mouse xeno-grafts.[@b13-ott-9-6511] In addition, one of the TLR pathways was able to activate nuclear factor kappa B (NF-κB) and its downstream genes.[@b14-ott-9-6511],[@b15-ott-9-6511] Therefore, in this study, we investigated PD-L1 expression using CpG ODN 7909 in combination with irradiation in NSCLC cells in vitro. We then assessed whether there is any association among TLR9, NF-κB, and PD-L1 to mediate NSCLC resistance to irradiation. Our study may provide insightful information regarding the combination of CpG ODN 7909 with irradiation therapy of NSCLC.

Materials and methods
=====================

Cell line and culture
---------------------

Human NSCLC NCI-H460 cell line was purchased from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, People's Republic of China) and cultured at 37°C in Roswell Park Memorial Institute-1640 medium (Corning Incorporated, Corning, NY, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO~2~.

Reagents
--------

CpG ODN 7909 was synthesized by Sangon Biotech (Shanghai, People's Republic of China) and dissolved in sterilized phosphate buffered saline (PBS; Corning Incorporated) to make a stock solution at the concentration of 10 µg/mL as recommended by the manufacturer.

Experiment design
-----------------

To determine the feasibility and efficacy of irradiation treatment combined with CpG ODN 7909, we designed our experiments for four groups as follows: the control group with the equal amounts of solvents; CpG ODN-alone group for constant stimulation of H460 cells with CpG ODN 7909 ten times; IR group with X-ray irradiation of H460 cells ten times; and IR plus CpG ODN group for initial stimulation of H460 cells with CpG ODN 7909 and followed by one cycle of radiotherapy. The treatment was repeated ten times.

Radiation treatment of H460 cells in vitro
------------------------------------------

H460 cells were inoculated into culture flasks and grown to reach approximately 70% confluency and then irradiated with 6.37 Gy X-rays using a Trilogy linear accelerator (Varian Medical Systems, California, CA, USA) at a rate of 2 Gy/min. After irradiation, the culture medium was refreshed immediately and the cells continued to grow for up to one or two days. When approximately 90% confluency was reached, the cells were subcultured and irradiated again with 6.37 Gy X-rays. The procedure was repeated ten times to obtain a stable H460 radioresistant cell line as described in a previous study.[@b16-ott-9-6511]

The IR plus CpG ODN group was first to have 10 µg/mL of CpG ODN 7909 administered to the culture flask. After 24 h, cells were subjected to irradiation treatment as described above. The experiments were repeated ten times.

Protein extraction and Western blot
-----------------------------------

H460 cells were seeded into culture flasks at a density of 1×10^6^ cells per flask and grown for 24 h, and then treated with or without CpG ODN 7909 for 24 h and then with or without 6.37 Gy radiation. Twenty-four hours later, the cells were harvested for protein extraction using a sodium dodecyl sulfate (SDS) lysis buffer containing 1% phenylmethane sulfonyl fluoride (KeyGEN, Nanjing, People's Republic of China). Protein samples containing 20 µg of total protein were separated in SDS-polyacrylamide gel electrophoresis gel and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked in 5% non-fat milk for at least 1 h and then incubated with a primary antibody overnight at 4°C. The primary antibodies included a monoclonal mouse anti-TLR9 (Abcam, Cambridge, MA, USA; at a dilution of 1:1000), anti-p65 (Cell Signaling Technology, Danvers, MA, USA; 1:1000), anti-PD-L1 (Abcam; 1:300), and anti-α-Tubulin and β-Actin antibodies (Proteintech, Wuhan, People's Republic of China; both at 1:5000). On the next day, the membranes were washed with PBS-Tween 20 three times and then further incubated with goat anti-rabbit IgG horseradish peroxidase (Millipore; 1:5000) or goat anti-mouse IgG conjugated with horseradish peroxidase (Millipore; 1:5000) for 1 h at room temperature. After that, the membranes were subjected to incubation with enhanced chemiluminescence (Millipore) solution to detect protein bands. All target proteins were normalized against α-Tubulin or β-Actin expression and quantified using ImageJ Software (National Institute of Heath, Bethesda, MD, USA). Results were represented as mean ± standard deviation (SD) and the experiments were repeated three times.

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------

After treatments, cells were harvested for RNA isolation using the Axyprep Multisource Total RNA miniprep Kit (Axygen, Union City, CA, USA) according to the manufacturer's instructions. These RNA samples were then reversely transcribed into cDNA using the PrimeScript RT Master Mix (TaKaRa, Dalian, People's Republic of China) and the resulting cDNA samples underwent qPCR amplification of gene expression in Applied Biosystem 7300 (Applied Biosystems, Foster city, CA, USA) with a SYBR Premix Ex Taq (Tli RNaseH Plus; TaKaRa) according to the manufacturer's protocols. The PCR condition was 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 31 s. The gene primers were listed in [Table 1](#t1-ott-9-6511){ref-type="table"}. The cycle threshold (CT) values of the target gene levels were identified and levels of each mRNA were calculated as a ratio of normalized β-Actin level according to the ΔΔCT method. The experiments were performed in triplicate and repeated at least once.

siRNA interference and transfection
-----------------------------------

To knock down p65 expression, we purchased p65-siRNA from GenePharma (Shanghai, People's Republic of China) and the targeting sequences were 5′-CAGAUACAGACGAUCGUCATT-3′ (sense) and 5′-UGACGAUCGUCUGUAUCUGTT-3′ (antisense) and negative control siRNA sequences were 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense) and 5′-ACGUGACACGUUCGGAGAATT-3′ (antisense). For siRNA transfection, H460 cells were grown overnight to reach approximately 70% sub-confluence and transfected with 80 nM p65 siRNA or negative control siRNA using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) for 48 h according to the manufacturer's instructions. The cells were then subjected to Western blot analysis of p65 expression. Results were represented as mean ± SD and the experiments were repeated three times.

Statistical analysis
--------------------

The data were summarized as mean ± SD and statistically analyzed using SPSS software version 23.0 (SPSS, Chicago, IL, USA) and GraphPad Prism Software version 6.05 (GraphPad Software, La Jolla, CA, USA). The Wilcoxon rank-sum test was performed to determine the association between two different groups. A *P* value less than 0.05 was considered statistically significant.

Results
=======

Effects of high-dose irradiation in combination with CpG ODN on regulation of gene expression in NSCLC H460 cells
-----------------------------------------------------------------------------------------------------------------

We explored the underlying molecular events in H460 cells after the treatments by first analyzing PD-L1 expression since PD-L1 was reported to be associated with radioresistance in tumor cells. Our data showed that PD-L1 expression was induced by irradiation treatment compared to the control cells (*P*\<0.05; [Figure 1A](#f1-ott-9-6511){ref-type="fig"}), whereas irradiation plus CpG ODN treatment (95% confidence interval \[CI\]: 0.38 to 0.92) downregulated PD-L1expression compared with the control group and the IR group (*P*\<0.01; [Figures 1A](#f1-ott-9-6511){ref-type="fig"} and [2A](#f2-ott-9-6511){ref-type="fig"}) (95% CI: 0.99 to 1.49). In the CpG ODN-alone group, PD-L1 expression was slightly reduced compared with the control group (*P*\>0.05; [Figures 1A](#f1-ott-9-6511){ref-type="fig"} and [2A](#f2-ott-9-6511){ref-type="fig"}). Moreover, TLR9 expression was induced in cells treated with CpG ODN or irradiation alone, and further upregulated in the combination group (95% CI: 2.97 to 4.96) compared to the controls (95% CI: 0.68 to 1.32; [Figures 1B](#f1-ott-9-6511){ref-type="fig"} and [2B](#f2-ott-9-6511){ref-type="fig"}). In addition, expression of NF-κB p65 protein and mRNA level was significantly induced by irradiation treatment, but was dramatically downregulated by the combination treatment (95% CI: 0.09 to 0.27) compared to the controls (95% CI: 0.83 to 1.17; [Figures 1C](#f1-ott-9-6511){ref-type="fig"} and [2C](#f2-ott-9-6511){ref-type="fig"}). Similar results were observed in PD-L1, TLR9, and p65 mRNA expression, respectively ([Figure 2A--C](#f2-ott-9-6511){ref-type="fig"}).

Effects of NF-κB p65 knockdown on NSCLC cells
---------------------------------------------

Next, to assess the efficacy of NF-κB p65 siRNA on knockdown of p65 expression in NSCLC cells, we performed siRNA transfection and Western blot assays. Our data showed that p65 siRNA was able to effectively silence p65 expression in tumor cells ([Figure 3](#f3-ott-9-6511){ref-type="fig"}).

Knockdown of p65 expression reduces level of PD-L1 mRNA in NSCLC cells
----------------------------------------------------------------------

To investigate the association of PD-L1 and p65 expression, we first knocked down p65 expression in H460 cells and treated tumor cells for single therapy or a combination of irradiation and CpG ODN. We found that PD-L1 expression was significantly decreased in IR group (*P*\<0.05; 95% CI: 0.17 to 0.71; [Figure 4](#f4-ott-9-6511){ref-type="fig"}) when compared to the control group (95% CI: 0.73 to 1.27), but increased in IR plus CpG ODN group (*P*\<0.05; 95% CI: 1.58 to 1.75; [Figure 4](#f4-ott-9-6511){ref-type="fig"}) and slightly increased in CpG ODN-alone group (*P*\<0.05; [Figure 4](#f4-ott-9-6511){ref-type="fig"}), which was opposite to that without p65 knockdown ([Figures 1A](#f1-ott-9-6511){ref-type="fig"} and [2A](#f2-ott-9-6511){ref-type="fig"}). This finding suggests that p65 may regulate PD-L1 expression to mediate radioresistance in NSCLC cells.

Discussion
==========

Radiotherapy uses ionizing radiation to directly kill or eliminate tumor cells, which can be used as a single treatment option or as adjuvant or neoadjuvant therapy, like surgery or chemotherapy.[@b17-ott-9-6511] Radiotherapy is also a useful treatment approach in treatment of advanced NSCLC to control NSCLC local recurrence and distant metastasis.[@b5-ott-9-6511],[@b17-ott-9-6511] As a primary treatment option, radiotherapy could achieve significant tumor control,[@b18-ott-9-6511],[@b19-ott-9-6511] but eventually, NSCLC develops radioresistance that impairs clinical outcome of patients.[@b20-ott-9-6511] Radioresistant tumor cells are insensitive to radiation response any more and radioresistant tumor cells would be aggravated to metastasis.[@b21-ott-9-6511] High-dose irradiation could improve this situation. Furthermore, increasing evidence indicated that immune evasion was another problem that impairs anti-tumor effect.[@b22-ott-9-6511]--[@b24-ott-9-6511] The existence of a checkpoint molecule, especially PD-L1, weakened anticancer response.[@b25-ott-9-6511],[@b26-ott-9-6511] Since the discovery of PD-L1's function, PD-L1 has attracted an increasing amount of attention due to its central role in the regulation of immune evasion.[@b27-ott-9-6511],[@b28-ott-9-6511] A variety of studies were focused on PD-L1 expression in different cancers and the effect of anti-PD-L1 with targeted drugs.[@b8-ott-9-6511],[@b26-ott-9-6511],[@b27-ott-9-6511] Numerous attempts have been made in the past decades to exploit an effective strategy to control NSCLC with little or no success.[@b2-ott-9-6511],[@b17-ott-9-6511] However, few reports have paid attention to the available mechanism of regulating PD-L1 expression in radioresistant cells. Downregulation of PD-L1 expression in radioresistant cells could provide a promising form of anticancer therapy. In this study, we performed high-dose irradiation in combination with CpG ODN 7909 to assess PD-L1 expression in NSCLC cells. Our results showed that the PD-L1 expression was increased in irradiation group, whereas radiotherapy in combination with CpG ODN 7909 led to downregulation of PD-L1 expression in NSCLC cells. A previous study also indicated that radiotherapy could induce PD-L1 expression and it may, through IFN-γ, indirectly modulate PD-L1 expression.[@b29-ott-9-6511] From these data, we found that radiotherapy may increase PD-L1 expression, but CpG ODN 7909 in combination with radiotherapy was able to effectively downregulate PD-L1 expression in H460 radiation-resistant cells (IR group and combination group). To study the possible mechanism of PD-L1 expression in radiation-resistant NSCLC cells, we continued to investigate the relative genes such as TLR9 and NF-κB subunit p65.

TLR9 is one of the TLR family members and located in the intracellular endosome, which is expressed in B lymphocytes and plasmacytoid dendritic cells.[@b30-ott-9-6511] A previous study showed that TLR9 recognizes bacterial DNA, especially in unmethylated CpG motifs.[@b31-ott-9-6511] Increasing evidence indicated that CpG ODN could stimulate immune response, and CpG ODN has been applied in cancer therapy.[@b32-ott-9-6511],[@b33-ott-9-6511] Recent studies from our and other groups revealed that CpG ODN in combination with radiotherapy could improve anti-tumor response both in vivo and in vitro.[@b16-ott-9-6511],[@b33-ott-9-6511],[@b34-ott-9-6511] For example, CpG ODN107 in combination with 10 Gy irradiation suppressed tumor xenograft growth in a human glioma cell nude mice model. According to these data, we speculated that CpG ODN in combination with radiotherapy would regulate TLR9 expression in radiation-resistant tumor cells to enhance anti-tumor response. From this study, we observed that irradiation alone could elevate expression of TLR9 mRNA and protein. CpG ODN in combination with radiotherapy further induced TLR9 expression. This demonstrated that CpG ODN 7909 could regulate TLR9 expression in radioresistant cells. One of TLR pathways was to activate the NF-κB pathway to regulate immune response and radiation response.[@b35-ott-9-6511] Therefore, we investigated the association of TLR9 and NF-κB with stimulation of CpG ODN 7909 in H460 cells.

NF-κB was first described in 1986 and it has emerged as a ubiquitous factor involved in the regulation of many important processes, such as immune and inflammatory responses, apoptosis, and cell proliferation.[@b36-ott-9-6511] NF-κB consists of five family members, ie, NF-κB2/P52, NF-κB1/P50, RelA/P65, c-Rel, and RelB. p65 is one of the most common and studied members, which is associated with modulating immune and irradiation responses.[@b37-ott-9-6511] Therefore, we explored the diverse expression of p65 in radioresistant cells. The results showed that p65 expression was higher in the IR group compared with the control group, but p65 expression was significantly lower in the combination group compared with single IR group. According to this study and a previous study, we supposed that p65 may regulate PD-L1 expression. Thus, details between NF-κB p65 and PD-L1 were explored with transfection studies.

A better understanding of the mechanisms involved in NF-κB family members and PD-L1 may help guide the design of potent cancer therapies,[@b38-ott-9-6511],[@b39-ott-9-6511] thus, we used siRNA to knock down p65 expression in order to show its role in regulation of PD-L1expression. We found that the level of PD-L1 mRNA was reduced in p65 knocked down NSCLC cells, suggesting that p65 regulated PD-L1 expression. However, it was different from the previous study showing that p65 upregulated PD-L1 expression in ovarian cancer cells after chemotherapy.[@b40-ott-9-6511] This discrepancy is unclear, but radiotherapy may have had a different effect on p65 and PD-L1 expression, and different cancers may also have different biological characters. Moreover, our current study used radioresistant NSCLC cells that were established after constant irradiation. The hallmarks of radioresistant cells were complex; for example, existence of cancer stem-like cells and overexpression of PD-L1 may impact their characters.[@b41-ott-9-6511] Therefore, further study is needed to evaluate this combination therapy in treatment of advanced NSCLC patients.

However, our current data were just from one single cancer cell line, thus, this study is just proof-of-principle. In the literature, there are indeed publications showing data from one cell line.[@b42-ott-9-6511]--[@b44-ott-9-6511] However, it is true that data generated from multiple cell lines will be more informative. Further investigation will use other cell lines to confirm our current data.

In summary, this study provided preliminary data on the molecular mechanism by which radiotherapy in combination with CpG ODN 7909 downregulated PD-L1 expression, which may be dependent on inhibition of NF-κB p65 signaling. Future study will further illustrate the whole picture of the combination of irradiation with CpG ODN 7909 in control of NSCLC.
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![Effects of the combination of irradiation with CpG ODN 7909 on regulation of protein expression in H460 cells. H460 cells treated with CpG ODN 7909 alone or in combination with ionizing radiation were subjected to protein extraction and Western blot analysis of protein levels. All experiments were repeated three times. (**A**) PD-L1 expression; (**B**) TLR9 expression; (**C**) p65 expression. Upper panel, target protein; bottom panel, β-Actin. The graphs are quantified data of the Western blots. \**P*\<0.05 and \*\**P*\<0.01 compared to the control.\
**Abbreviations:** CpG ODN, CpG oligodeoxynucleotides; PD-L1, programmed death-ligand 1; TLR9, toll-like receptor 9; IR, irradiation.](ott-9-6511Fig1){#f1-ott-9-6511}

![Effects of the combination of irradiation with CpG ODN 7909 on regulation of gene expression in H460 cells. H460 cells treated with CpG ODN 7909 alone or in combination with irradiation were subjected to qRT-PCR analysis of mRNA levels. All experiments were repeated three times. (**A**) PD-L1 level; (**B**) TLR9 level; (**C**) p65 level. \**P*\<0.05 and \*\**P*\<0.01 compared to the control.\
**Abbreviations:** CpG ODN, CpG oligodeoxynucleotides; PD-L1, programmed death-ligand 1; TLR9, toll-like receptor 9; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction; IR, irradiation.](ott-9-6511Fig2){#f2-ott-9-6511}

![Effects of the combined irradiation and CpG ODN 7909 treatment plus p65 knockdown on p65 protein expression in H460 cells. H460 cells were treated with CpG ODN 7909 alone or in combination with ionizing radiation and then transfected with p65 siRNA for 48 h and subjected to protein extraction and Western blot analysis of p65 protein levels. All experiments were repeated three times. (**A**) Control; (**B**) CpG ODN 7909 alone; (**C**) IR treatment alone; (**D**) combined treatment. The graphs are quantified data of the Western blots. \**P*\<0.05 and \*\**P*\<0.01 compared to the control.\
**Abbreviations:** CpG ODN, CpG oligodeoxynucleotides; h, hours; PD-L1, programmed death-ligand 1; IR, irradiation; Con, control; NC, negative control.](ott-9-6511Fig3){#f3-ott-9-6511}

![Effects of p65 knockdown on regulation of PD-L1 expression. H460 cells were treated with CpG ODN 7909 alone or in combination with ionizing radiation and then transfected with p65 siRNA for 48 h and subjected to qRT-PCR analysis of PDL-1 levels. This graph represents PD-L1 level after transfection. \**P*\<0.05 compared to the control.\
**Abbreviations:** CpG ODN, CpG oligodeoxynucleotides; PD-L1, programmed death-ligand 1; h, hours; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction; IR, irradiation.](ott-9-6511Fig4){#f4-ott-9-6511}

###### 

Primer sequence of target gene and reference gene

  Target gene   Forward primer            Reverse primer
  ------------- ------------------------- --------------------------
  TLR9          ACCCGCTACTGGTGCTATCC      CCCCTTCCTCTTTCCACTCC
  P65           AGTCAGCGCATCCAGACCAAC     GCACTGTCACCTGGAAGCAGAG
  PD-L1         CAATGTGACCAGCACACTGAGAA   GGCATAATAAGATGGCTCCCAGAA
  β-Actin       CATTGCCGACAGGATGCAG       CTCGTCATACTCCTGCTTGCTG

**Abbreviations:** PD-L1, programmed death-ligand 1; TLR9, toll-like receptor 9.
